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1.0 Background 
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1.1. Study Overview 

1.2. Anatomy of a Range-Top Burner Flame 

Figure 1: A cooking-range flame. 
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1.3. Computational Modeling of Flames 
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2.0 Methods 

2.1. Overview  

2.2. General Simulation Plan 

2.2.1. Selection of Gas Compositions 

Table 1: The three gas mixtures used for simulations, showing fractional composition by 
volume of methane, ethane and propane in the fuel. 

Gas Label 
Methane 

(CH4) 
(%) 

Ethane 
(C2H6) 

(%) 

Propane 
(C3H8)  

(%) 

Wobbe 
Number 

Heating 
Value 

(KJ/mole) 
Baseline   96.72  2.70 0.58 1336 917 

3A 90.2  5.77 4.03 1417 983 
3C  86.46 11.97 1.57 1419 992 

                                                
)
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2.2.2. Choice of Flow Rates and Equivalence Ratios ( ) 
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Figure 2: Limit curves of lift-off (blue), yellow-tipping (red), and blowback (black) for a CH4 flame. 

 The five-point design (green asterisks) and two additional simulations (green + signs) are indicated. 

2.3. Modeling Procedure with the Kiva Reactive CFD Software 

2.3.1. Preparatory Setup, Code Modifications, and Quality Assurance 
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2.3.1.1. Simplified Single-Cell and One-Dimensional Grids 

Figure 3: 1-D (100x1x1 cells) grid for testing. The 1 cm long domain is divided into 100 cells. 

2.3.1.2. Interfaces to Other Software 
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2.3.1.3. Code Modifications 
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2.3.2. Three-Dimensional Grids 
2.3.2.1. Grid Description and Dimensions 
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2.3.2.2. Boundary Conditions 

 

 

 

 

 

 

 

 

 

 

 

2.3.2.3. Grid Resolution 



18 
 

 
Figure 4: Variable resolution grid used for majority of simulations.  

Cell size is constrained to 0.5 mm near the port and then geometrically increases with distance from the 
port. Boundary conditions applied to Top, Front, Port, and Right faces are: blue=pressure outflow, 

magenta=solid, yellow=velocity inflow, orange=pressure inflow. 
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2.3.3. Operational Parameters 

2.3.3.1. Turbulence Model 

2.3.3.2. Wall Boundary Conditions 
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2.4. Chemical Mechanism 
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2.5. Anatomy of a Simulation 
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Figure 5: Time evolution of a simulation beginning with sparked ignition,  
until a steady appearance is attained.  

The temperature field (legend not shown) is depicted at times of 0.01, 0.015, 0.017, 0.02, 0.1, 0.2, 0.3, 
and 0.4 seconds 
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Figure 6: Streamlines indicating incoming fuel and air flows.  

The black streamlines show fuel-air mixture from the port, as well as some air from the right boundary 
entrained in the flame. The black dots are the seed points from which the black streamlines were 
extrapolated forward and backward. The black solid area surrounding the port is a solid boundary 

representing the metal of the burner disc. The lighter streamlines show incoming secondary air from the 
bottom boundary and portion of right boundary above the port. 
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3.0 Results and Discussion 

3.1. Overview 

3.2. Discussion of the Baseline Gas Central Design Point 
3.2.1. Temperature Field and General Flame Properties 
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Figure 7: Temperature field.  

Left panel: Sliced parallel to the inflow at central Y coordinate. The velocity field is superimposed on this, 
every fourth vector displayed. Right panel: Sliced perpendicular to the inflow, at x = 2.6 cm; i.e., 0.4 cm 

from the port orifice. 
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Figure 8: The argon/nitrogen ratio in central Y slice, indicating where premixed and 
non-premixed combustion occur. Also shown are velocity vectors  

and a single velocity streamline. 
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Figure 9: Several quantities plotted at the points selected from the streamline in Figure 8.  

Y axis units depend on quantity plotted. 
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Figure 10: Species concentrations along a streamline. 

Top panel: Transfer of carbon from fuels to CO and then CO2, via carbon-containing intermediate 
species. Bottom panel: The fuel species and intermediate species are further differentiated.  

(Note that the top and bottom panels have different scales.) 

3.2.2. Carbon Monoxide 
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Figure 11: [CO] in ppm (mole fraction  106). 

Left panel: Sliced parallel to the inflow at central Y coordinate. Right panel: Sliced perpendicular to 
the inflow, at x = 2.6 cm; i.e., 0.4 cm from the port orifice, which is centered about (y,z) = (1.0,1.0). 
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Figure 12: Moles of CO, CO2, and total carbon (defined as CO+CO2+fuel carbon). 

Calculated within grid layers at the vertical coordinate Z = 1.25,1.5,1.75 up to Z = 2.75 cm by 
multiplying concentration (moles/cubic centimeter [cc]) by cell volume (cc) for each cell  

in the layer, and summing.  
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Figure 13: Flux of CO (blue) and total carbon (black) with increasing Z. 

The single red point is the flux of carbon (CH4,C2H6,C3H8) in the inflow duct. Flux is calculated by 
multiplying concentration (moles/cc) by cell volume (cc) by Vz (cm/s) for  

each cell in the layer, and summing. 

3.2.3. Nitrogen Oxides (NOx) 
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Figure 14: [NO] in ppm (mole fraction  106). 

Left panel: Sliced parallel to the inflow at central Y coordinate. Right panel: Sliced perpendicular to 
the inflow, at x = 2.6 cm; i.e., 0.4 cm from the port orifice, which is centered about (y,z) = (1.0,1.0). 

3.2.4. Formaldehyde 
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Figure 15: [Formaldehyde] in ppm (mole fraction  106). 

Left panel: Sliced parallel to the inflow at central Y coordinate. Right panel: Sliced perpendicular to 
the inflow, at x = 2.6 cm; i.e., 0.4 cm from the port orifice, which is centered about (y,z) = (1.0,1.0). 

3.3. Dependence on Inflow Velocity and Equivalence Ratio 
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3.3.1. Flame Appearance and Temperature Field 

,
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Figure 16: Flame appearance and temperature field in degrees K.  
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Table 2: Flame and temperature properties as inflow velocity and  are varied (baseline gas). 

V=0.75m/s =3   V=1.25m/s =3 V=1.8 =3 
Peak T 2102 K   Peak T 2149 K Peak T 2110 K 

Heat release 

2.727e-02 
KJ/s 

  

Heat release 

4.646e-02 
KJ/s  

Heat release 

6.95e-02 
KJ/s 

9.298e+01 
Btu/hour   

  1.584e+02 
Btu/hour   

2.369e+02 
Btu/hour   

1.500e+04 
Btu/hour/in2 

  2.554e+04 
Btu/hour/in2 

3.822e+04 
Btu/hour/in2 

  V=1.00m/s =2.5     
  Peak T 2144 K     
  

Heat release 

3.123e-02 
KJ/s 

    

  1.065e+02 
Btu/hour   

    

  1.717e+04 
Btu/hour/in2 

    

V=0.75m/s =2 V=1.00m/s =2 V=1.25m/s =2   
Peak T 2133 K Peak T 2155 K Peak T 2151 K   

Heat release 

1.945e-02 
KJ/s 

Heat release 

2.611e-02 
KJ/s 

Heat release 

3.326e-02 
KJ/s 

  

6.630e+01 
Btu/hour   

8.9e+01 
Btu/hour   

1.134e+02 
Btu/hour   

  

1.069e+04 
Btu/hour/in2 

1.436e+04 
Btu/hour/in2 

1.829e+04 
Btu/hour/in2 
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3.3.2. Carbon Monoxide 
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Figure 17: [CO] contours in ppm (mole fraction  106) sliced parallel to the inflow. 

Contours are unevenly spaced, selected to highlight both the sharp gradients within the flame, and the more gradual decrease post-flame. 
Middle right: Graphical legend depicting the velocity and  of the inflows.
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Table 3: Air-free concentrations calculated within the grid layer at vertical coordinate Z = 2.75 cm.  

V=0.75m/s =3   V=1.25m/s =3 V=1.82m/s =3 
NO 150 ppm   NO 159 ppm NO 137 ppm 

CH2O 3 ppb   CH2O 1 ppb CH2O 14 ppb 
CO 1509 ppm   CO 1341ppm CO 1511 ppm 

  V=1.00m/s =2.5     
  NO 146 ppm     
  CH2O 0 ppb     
  CO 1368ppm     

V=0.75m/s =2 V=1.00m/s =2 V=1.25m/s =2   
NO 123 ppm NO 133 ppm NO 128 ppm   

CH2O 0 ppb CH2O 1 ppb CH2O 1 ppb   
CO 1486 ppm CO 1457 ppm CO 1410 ppm   
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Figure 18: Moles of CO summed across XY planes at increasing height (Z in grid). 
 Calculated by multiplying concentration (moles/cc) by cell volume (cc) for each cell in the layer and 

summing. The central design point is in blue. 

3.3.3. Nitrogen Oxides (NOx) 
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Figure 19: Thermal [NO] contours in ppm (mole fraction  106) sliced parallel to the inflow. 

Graphical legend depicts the velocity and  of the inflows.
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Figure 20: Moles of NO contained within grid layers at Z = 1.25,1.5,1.75 cm up to Z = 2.75 cm. 
Calculated by multiplying concentration (moles/cc) by cell volume (cc) for each cell in the layer, and 

summing. The central design point is in blue. 

3.3.4. Formaldehyde 

3.4. Comparison of the Baseline Gas, Gas 3A, and Gas 3C 
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3.4.1. Flame Appearance and Temperature Field 

FFiigguurree  2211::  TTeemmppeerraattuurree  ffiieellddss  ccoommppaarriinngg  ggaasseess  bbaasseelliinnee,,  33AA,,  aanndd  33CC..  

3.4.2. Carbon Monoxide 

4

Figure 22: CO contours comparing gases baseline, 3A, and 3C. 
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Table 4: Air-free concentrations calculated within the grid layer at vertical coordinate Z = 2.75 cm. 

 Baseline Gas 3A Gas 3C 
NO (ppm) 146 156 156 

CH2O (ppb) 0 0 0 
CO (ppm) 1368 1327 1325 

Figure 23: Moles of CO across grid layers of varying height; comparison of baseline and 
simulated LNG blends (3A, 3C). 
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Figure 24: Comparison of C2 intermediates along a streamline for gases baseline, 3A, and 3C. 
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Table 5: Peak ethane along streamline and ratios of peak C2 intermediates to peak ethane. 

Gas Ethane 
(ppm) 

C2H5/ethane C2H4/ethane C2H3/ethane C2H2/ethane 

Baseline 5.47e+03 5.0E-05 0.20 2.1E-05 0.39 
3A 1.16E+04 3.6E-05 0.14 1.7E-05 0.22 
3C 2.40E-04 2.6E-05 0.09 7.0E-06 0.11 

 
Figure 25: Comparison of C3 intermediates along a streamline for  

(left to right) baseline, 3A, and 3C. 
  

Table 6: Peak propane along streamline and ratios of peak C3 intermediates to peak propane. 

Gas Propane 
(ppm) 

C3H7/propane C3H6/propane C3H5/propane 

Baseline 912 6.6E-06 2.0E-02 1.8E-04 
3A 8080 4.5E-06 1.2E-02 6.2E-05 
3C 3140 6.1E-06 1.6E-02 1.1E-04 

3.4.3. Nitrogen Oxides (NOx) 
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Figure 26: Moles of NO across grid layers of varying height; comparison of baseline and 
simulated LNG blends (3A and 3C). 

3.4.4. Formaldehyde 

3.5. Comparison of 0.1 cm and 0.5 cm Port Lengths 
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Figure 27: Velocity profiles with a 0.5 cm port (L points) and a 0.1 cm port (K points). 

The profiles are taken along a line perpendicular to the flow across the port, just inside the main 
grid near the port exit. The port is centered at approximately 0.2 cm in this figure. 
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Figure 28: Contours of velocity magnitude. Left panel: 0.1 cm port. Right panel: 0.5 cm port. 

 
Figure 29: Temperature fields. Left panel: 0.1 cm port. Right panel: 0.5 cm port. 
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Figure 30: CO contours. Left: 0.1 cm port. Right: 0.5 cm port. 

Figure 31: CO contours, high heat-release case. Left: 0.1 cm port. Right: 0.5 cm port. 
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3.6. Gas-Mixture Comparison of Higher Heat-Release Cases 

3.6.1. Flame Appearance and Temperature Field 
Figure 32

Figure 32: Temperature fields comparing gases baseline, 3A, and 3C. 

3.6.2. Carbon Monoxide 
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Figure 33: CO contours comparing gases baseline, 3A, and 3C. 

34

4
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Figure 34: Moles of CO across grid layers of varying height; comparing baseline  
and simulated LNG gases 3A and 3C. 

Table 7: Air-free concentrations calculated within the grid layer at vertical coordinate Z = 2.75 cm.1 

 Baseline Gas 3A Gas 3C 
NO (ppm) 141 151 164 

CH2O (ppb) 8 8 2 
CO (ppm) 1452 1444 1328 

35
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Figure 35: Comparison of C2 intermediates along a streamline for gases baseline, 3A, and 3C. 
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Table 8: Peak ethane along streamline and ratios of peak C2 intermediates to peak ethane. 

Gas Ethane 
(ppm) 

C2H5/ethane C2H4/ethane C2H3/ethane C2H2/ethane 

Baseline 6.27e+03 4.4e-05 0.22 1.6e-05 0.46 
3A 1.38e+04 3.0e-05 0.16 7.0e-06 0.26 
3C 2.87e+04 2.4e-05 0.10 4.7e-06 0.13 

36

 
 

Figure 36: Comparison of C3 intermediates along a streamline for  
(left to right) gases baseline, 3A, and 3C. 

Table 9: Peak propane along streamline and ratios of peak intermediates to peak propane. 

Gas Propane 
(ppm) 

C3H7/propane C3H6/propane C3H5/propane 

Baseline 1040 4.4E-06 2.0E-02 2.1E-04 
3A 9660 3.4E-06 1.3E-02 4.9E-05 
3C 3760 4.1E-06 1.8E-02 1.0E-04 

3.6.3. Nitrogen Oxides (NOx) 
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Figure 37: Moles of NO across grid layers of varying height; comparing baseline and simulated 

LNG gases 3A and 3C. 

3.6.4. Formaldehyde 
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4.0 Conclusions 

4.1. Overview and Context 

4.2. General Flame Properties 

4.3. Variation of Flow Velocity and Stoichiometry 
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4.4. Effect of Gas Composition  
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4.5. Quenching at the Flame Tip 
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Appendix A 

Calculation of Heat Release from a Residential Burner 
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Appendix A: Calculation of Heat Release from a Residential Burner 
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